ABSTRACT Telomerase action at telomeres is essential for the immortal phenotype of stem cells and the aberrant proliferative potential of cancer cells. Insufficient telomere maintenance can cause stem cell and tissue failure syndromes, while increased telomerase levels are associated with tumorigenesis. Both pathologies can arise from only small perturbation of telomerase function. To analyze telomerase at its low endogenous expression level, we genetically engineered human pluripotent stem cells (hPSCs) to express various N-terminal fusion proteins of the telomerase reverse transcriptase from its endogenous locus. Using this approach, we found that these modifications can perturb telomerase function in hPSCs and cancer cells, resulting in telomere length defects. Biochemical analysis suggests that this defect is multileveled, including changes in expression and activity. These findings highlight the unknown complexity of telomerase structural requirements for expression and function in vivo.
T
elomerase is a reverse transcriptase that synthesizes de novo telomeric repeats, which have the sequence 5=-TTAGGG-3= in vertebrates, and thereby maintains telomeres (1, 2) . Its enzymatic activity counteracts terminal sequence loss from linear chromosomes and ensures the long-term proliferative capacity of human stem cells (3) . When aberrantly active, telomerase expression can grant the immortal phenotype of human cancer cells (4) . The minimal components for catalytic activity reconstitution are the protein component telomerase reverse transcriptase (TERT) and the noncoding telomerase RNA (TR), which bears the template region to synthesize telomeric repeats. Telomerase is expressed at low levels in stem cells and cancer cells. Estimates of the numbers of functional RNPs that are generated from 2 to 20 copies of TERT mRNA per cell range from 50 to a few hundred (5) (6) (7) (8) . Under these conditions, telomerase can be in substoichiometric abundance in relation to the number of telomeres that are present after DNA replication. Telomerase is not generally present at telomeres but is actively recruited during the S phase to a subset of telomeres through protein-protein interactions that occur between telomerase and the telomere. This interaction is mediated by the N-terminal domain of TERT, called the TEN domain (telomerase essential N-terminal domain) (9) , and the telomere by the shelterin complex, a six-member protein complex (10) . Specifically, a small region in the shelterin protein TPP1 called the TEL patch interacts with the telomerase TEN domain (11) (12) (13) (14) (15) (16) (17) (18) . This interaction is essential for telomere maintenance, as cells genetically engineered to lack an acidic loop within the TEL patch phenocopy telomerase knockout cells (18) . Furthermore, residue swap experiments that exchange critical amino acids in the TEN domain and the TEL patch indicate a direct interaction between TERT and TPP1 (19) . Beyond telomerase recruitment, TPP1, together with its shelterin interacting partner POT1, can have additional activating and inhibitory roles in telomerase action at telomeres, as reviewed in references 20 and 21. TPP1 binds to the telomere through its interaction with TIN2, which itself binds to the double-stranded telomeric binding proteins TRF1 and TRF2 (22) . In addition, TPP1 recruits the single-stranded binding protein POT1 to telomeres (23, 24) . Perturbation of the shelterin protein-interaction network by overexpression or loss of function results in telomere length changes in human cells (24) (25) (26) (27) (28) (29) . However, how these proteins function in cells in which telomere length is at homeostasis is not well understood. At telomere homeostasis, telomere shortening caused by nucleolytic degradation and by the end replication problem is at equilibrium with telomere elongation. Yet telomeres at different chromosome ends within one cell or telomeres of the same chromosome within a cell population can differ in length. Previous experiments suggested that overall telomere length homeostasis is established by a process that stochastically elongates shorter telomeres preferentially over long telomeres (reviewed in reference 20) . The underlying counting mechanism that distinguishes telomeres of different lengths and communicates the information to telomerase is currently not well understood (20, 30) .
Several lines of evidence indicate that telomerase, particularly, the process of telomerase recruitment to individual telomeres, must be studied in the context of the physiological expression levels regulated within the endogenous genetic context. Importantly, overexpression of telomerase in human cells leads to the rapid telomere elongation that has been suggested to be unrestrained and not subject to the regulatory mechanisms that establish telomere homeostasis (31) . This excessive action of telomerase at telomeres suggests that overexpression of telomerase can bypass the transient nature of telomerase localization to telomeres; when overexpressed, several TERT molecules constitutively localize to most telomeres within a cell, which is not observed in naturally telomerase-positive cells (12) .
Until recently, direct observation of telomerase action at telomeres without overexpression has been considerably hampered by the lack of a reliable antibody detecting endogenous levels of TERT. In fixed cells, fluorescence in situ hybridization (FISH) for examination of the telomerase RNA or the localization of Cajal bodies to telomeres has been used as a proxy for the localization of TERT to telomeres (32, 33) . However, recent genetic data suggest that these associations might not be directly reporting on telomerase action at telomeres (34) (35) (36) . With the advent of genome editing in human pluripotent stem cells (reviewed in reference 37), an experimental system became available that can overcome these challenges. Robust protocols to genetically modify human embryonic stem cells (hESCs) and induced pluripotent stem cells (iPSCs) (37) (38) (39) (40) (41) , collectively referred to as hPSCs, have recently become available. With these technical developments, epitope tags or fluorescent reporter genes can now be inserted into the hPSC genome to endogenously mark cells for imaging or biochemical purification.
hPSCs are an ideal model system to study telomerase regulation, as they are telomerase positive (42, 43) but can be rapidly differentiated into telomerase-negative cells. Moreover, the reverse process of telomerase reactivation can be studied during the reprogramming of somatic cells into iPSCs (44) (45) (46) . Due to their constitutive telomerase expression, hPSCs are immortal. However, in contrast to tumor cells, they have functional DNA surveillance and cell cycle checkpoints and therefore are well suited to the study of the effects of telomere length regulation and dysfunction on these pathways.
Here, we report on the analysis of genetically engineered hPSCs that express TERT with a variety of N-terminal fusions from the endogenous locus. We chose to modify the N terminus instead of the C terminus of TERT because the addition of a hemagglutinin (HA) tag at the C terminus of TERT results in a striking defect in telomere maintenance despite almost wild-type enzymatic activity in vitro (47) . Interestingly, separation-of-function mutants in TERT, termed DAT mutants, that retain catalytic activity but fail to immortalize human primary fibroblasts have been identified at both the C terminus and in the N-terminal TEN domain (47) (48) (49) (50) . The N-terminal DAT mutants alter residues subsequently identified as part of the interaction interface with TPP1 required for localization and activity of telomerase at telomeres (18, 19, 33) . Mutations near the N terminus can also have pronounced defects with effects on TERT's ability to sequentially add multiple telomeric repeats without dissociating from the telomere, a specialized feature of telomerase called repeat addition processivity (RAP) (51) .
We employed a genome-editing strategy to tag TERT endogenously at its N terminus based on a protocol that we had previously established to genetically engineer hPSCs to carry mutations in the TERT promoter (52) . This protocol was developed to engineer hPSCs that carry mutations in the TERT promoter, representing the most frequent noncoding mutations in human cancer as reviewed in reference 53. Here, we have extended this targeting strategy to test several N-terminal modifications of TERT with the goal of directly tagging TERT in hPSCs to increase the ease of performing immunofluorescence and biochemical experiments.
Unexpectedly, we observed significant changes in telomerase biology as a result of N-terminal tagging during these experiments. We demonstrated that most N-terminal fusion proteins generated by inserting sequences at the translational start site of TERT show a pronounced defect in telomerase action at telomeres and result in reduced telomere length. Biochemical and cellular assays suggest that this defect is multifactorial, indicating that much remains to be learned about the cellular mechanisms for regulation of telomerase action at telomeres.
RESULTS
Endogenous epitope tagging of TERT using genome editing. To understand the regulation of TERT in living cells, we engineered the endogenous TERT locus in hESCs to carry a Halo tag (54) at the N terminus (Halo-TERT hESCs). A Halo tag covalently binds to its synthetic ligands conjugated with fluorescent dyes such as tetramethylrhodamine (TMR). We chose this strategy over conventional green fluorescent protein (GFP) tagging as it is expected to result in more highly photostable and brighter fluorescently marked proteins and thereby facilitates single-molecule imaging. To establish hESC lines with TERT tagged at the N terminus, we modified the two-step, scarless genome editing of the TERT locus that we previously reported (52) (Fig. 1A) . First, the region between bp Ϫ1462 and ϩ67 relative to the translational start site (ATG) of the TERT gene was deleted using two single-guide RNAs (sgRNA). Cells homozygous for this deletion (TERT Δ/Δ ) lacked TERT expression and, consequently, telomerase activity. As a result, these cells showed progressive telomere shortening and died about 150 days after the deletion event (18) . However, in cells that were subjected to a second targeting step that reintroduced the deleted element, telomerase activity and cellular viability were restored and telomeres reverted to the wild-type length over time. This second editing step was conducted using a specific sgRNA against the new junction (Ϫ1462 to ϩ67) to reinsert into the deleted region either the wild-type sequence or sequences that insert a tag after the first ATG (Fig. 1A) . After the second targeting, targeted cells restore TERT expression and are gradually enriched whereas untargeted parental TERT Δ/Δ hESCs die at around 150 days (Fig. 1B) .
Initially, we focused on generating cells that expressed an N-terminal Halo-tagtargeted TERT from the endogenous locus. We successfully generated Halo-TERTexpressing cells that proliferated beyond the proliferative capacity of TERT Δ/Δ cells (data not shown). However, direct comparison of Halo-TERT and isogenic wild-type (wt) cells, in which we introduced the wild-type sequence without the tag, revealed a striking proliferation defect of Halo-TERT hESCs. Halo-TERT cells had reduced colony size and showed cell morphology associated with dysfunctional telomerase in hESCs (18) . The proliferation and viability of these cultures were impacted too severely to permit further characterization. 
FIG 1
Generation of endogenously N-terminally tagged hESCs using scarless two-step genome editing. (A) Schematic overview of the two-step genome-editing approach used to insert epitope tags into the N terminus of endogenous TERT. First, a TERT knockout cell line (TERT Δ/Δ ) that lacks the region between 1.5 kb upstream and 66 bp downstream of the first ATG was established using two Cas9/sgRNAs (sg-1 and sg-15). Second, an sgRNA against the newly synthesized NHEJ-derived junction (Ϫ1462 and ϩ67: sg1ϩ15) was coelectroporated with donor plasmids containing the deleted regions with, or without, epitope tags after the first ATG of TERT. After the second targeting, the cells were passaged until all of the parental TERT Δ/Δ hESCs died due to telomere shortening. (B) Relative expression levels of TERT mRNA measured by quantitative RT-PCR over a time course after genome editing (day 0, first editing; day 86, second editing). Levels of expression of targeted wild-type (wt) and Flag-TERT hESCs are shown relative to those seen with nontargeted original wild-type (WT) hESCs. TERT Δ/Δ cells are plotted until the last time point before the TERT Δ/Δ cultures died. Expression of TERT was normalized to GAPDH. WT and TERT Δ/Δ cell data are identical to the data in reference 52. (C) PCR genotyping of the targeted cells after selection. Bulk DNA was used for PCR using the first ATG, and the products were digested with BamHI to confirm the insertion of epitope tags. wt, wild type. (D) Southern blot genotyping of targeted hESCs. After all TERT Δ/Δ hESCs died, single-cell-derived colonies were isolated from bulk populations. Genomic DNA was digested with BamHI and blotted using either 3=-external (top) or 5=-internal (bottom) probes. An untargeted allele appears as a 9.5-kb band. The sizes of the correctly targeted allele were 11 kb (wild type) or 7.5 kb (Flag, YbbR), respectively, for the external probe and 11 kb (wild type) or 3.4 kb (Flag, YbbR), respectively, for the internal probe.
To test the hypothesis that these proliferation defects were due to the endogenous N-terminal tagging of TERT, we decided to systematically test the effects of the smaller epitope tags 3ϫFlag (abbreviated below as Flag), HA, and YbbR-TEV-3ϫFlag (YbbR; a label-accepting tag derived from the ybbR open reading frame [ORF] of the Bacillus subtilis genome [55] ) inserted into the endogenous TERT locus (Table 1) . In addition, we tested whether the addition of a flexible polypeptide linker between the Flag tag and TERT would restore TERT function. To this end, we directly compared Flag-TERT to 3ϫFlag-GS10 (Flag-GS10) and 3ϫFlag-GS20 (Flag-GS20), where GS10 and GS20 indicate linkers consisting of 10 and 20 repeats of glycine and serine, respectively ( Table 1) .
Each of these editing approaches in TERT Δ/Δ was successful in restoring cellular viability beyond the proliferative capacity of TERT Δ/Δ . Next, single-cell-derived targeted cells were isolated and genotyped by PCR and Southern blotting ( Fig. 1C and D ; see also Fig. 3B and C). As expected from our previous report (52) , in each case (wild type and all instances of the N-terminal TERT tagging), only one of the deleted TERT loci was restored, resulting in hemizygous TERT tag/Δ cell lines (Fig. 1D ).
Short telomeres associated with endogenous tagging of TERT. We analyzed TERT mRNA expression in the genetically engineered hESCs ( Fig. 2A) . Reverse transcriptase quantitative PCR (RT-qPCR) analysis of the targeted cells established that the levels of TERT mRNA expression in all tagged lines, with the exception of the YbbR-TERT cells, were similar to those seen with cells edited to restore the wild-type untagged TERT. In YbbR-TERT cells, TERT expression was reduced to about 40% compared to wild-type cell levels and these cells showed a slight proliferative defect that was less severe than the one seen in Halo-TERT cells. Despite this mild proliferation defect, the YbbR-TERT cells could be maintained in culture for more than 100 days and were used for further analysis. All other cell lines proliferated at a rate indistinguishable from that seen with the wild-type cells. All tagged hESCs, including YbbR-TERT cells, remained pluripotent based on the expression of the OCT4 pluripotency marker ( Fig. 2A) . Next, we analyzed telomerase activity in these cells. YbbR-TERT cells had a slight reduction in telomerase activity as measured using the telomeric repeat amplification protocol (TRAP) assay (Fig. 2B ). We previously established that the telomerase RNA human TR (hTR), rather than TERT, is limiting for telomerase activity in wild-type hESCs and that TERT ϩ/Ϫ cells do not have a 50% reduction in telomerase activity (52) . This argues that the reduced TERT mRNA level in YbbR-TERT cells cannot fully account for their reduced telomerase activity. A similar reduction in activity was also evident in HA-TERT cells, despite the wild-type TERT expression in these cells. Cells expressing Flag-TERT, regard- 
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*** n.s. * **** * less of the presence or size of a GS linker, had overall levels of telomerase activity equivalent to those seen with wild-type TERT cells (Fig. 2B) .
To further characterize telomerase function in these endogenous locus-tagged TERT hESCs, we measured telomere length at several time points after the second editing step. Before the second editing event, which restored TERT function, telomeres were short but elongated in cells complemented with the wild-type sequence (without tag) over time back to the telomere length set point of the original hESC wild-type cells. Surprisingly, all tagged versions of TERT except Flag-GS10-TERT were unable to elongate telomeres to a length similar to that seen with isogenic wild-type TERT cells (Fig.  2C) . The median telomere hybridization signal intensity in wild-type TERT cells increased from 6.3 kb to 7.8 kb over the term of 64 days. In contrast, telomeres remained stable at 4.5 kb in HA-TERT cells and at 3.5 kb in YbbR-TERT cells over the same period of time (Fig. 2D) . These defects in restoring telomere length could be explained by the reduced TERT expression in YbbR-TERT cells and the reduced telomerase activity in YbbR-TERT and HA-TERT cells. However, Flag-TERT and Flag-GS20-TERT also showed a deficit in telomere elongation (Fig. 2C) . Their telomeres elongated from 6.1 kb to 6.8 kb and 5.6 kb to 6.4 kb, respectively (Fig. 2D) . Shorter telomeres in Flag-TERT and Flag-GS20-TERT cells cannot be simply explained by reductions of expression levels of TERT or telomerase activity as these did not differ significantly from the levels seen with isogenic wild-type edited cells ( Fig. 2A) .
To exclude the possibility that these shorter telomeres were artifacts of this particular genome-editing experiment, three independent experiments were performed, and they confirmed the reproducibility of shorter telomeres associated with endogenous tagging of TERT (Fig. 2E) . Telomeres in Flag-GS10-TERT cells elongated to an extent similar to that seen with cells restored to wild type in these independent experiments (Fig. 2E) .
Next, we analyzed the telomere length distribution of individual clones isolated after the second targeting step (Fig. 3) . In wild-type TERT cells, telomeres showed some telomere length heterogeneity between clones but were on average longer than the telomeres in Flag-and YbbR-TERT cells (Fig. 3A) . Flag-TERT clones 1, 5, 7, 11, 12, 13, and 15 possessed significantly shorter telomeres (Fig. 3A) . On the basis of Southern blot data, these clones were aberrantly targeted at the 5= end of TERT. Additional Southern blot genotyping using three different probes revealed that these clones had an aberrant integration of the donor plasmid backbone 5= upstream of the right homology arm ( Fig.  3B and C) . Similar events have been described previously (41, 56) and are possibly the result of heterologous targeting where one side (here, the 3= homology arm) of the double-stranded break is repaired by homology-mediated repair and the other side by nonhomologous end joining (NHEJ). Still, as shown by analysis of only correctly targeted cells, the telomeres in the Flag-TERT clones were collectively shorter than the telomeres of the wild-type TERT cell lines (Fig. 3A and D) . This analysis highlights that the defect in telomere elongation is highly penetrant and is not the result of the aberrant behavior of a subset of cells.
Telomere length comparison between Flag and Flag-GS10 cells suggested that inclusion of a GS10 linker between TERT and the Flag tag could alleviate the telomere length defect. To test if this is a general feature of N-terminal tagging of TERT, we evaluated the impact of the GS10 linker in combination with the HA tag. Again, HA-TERT cells showed significant defects in telomere length maintenance, despite wild-type levels of TERT expression and telomerase activity ( Fig. 2A and B and 4A and B). In contrast, HA-GS10-TERT cells had almost wild-type telomere lengths (Fig. 4C) . These results indicate that the insertion of a GS10 linker can reduce defects associated with genetically tagging the TERT N terminus. Slower telomere elongation kinetics by overexpression of Flag-TERT relative to untagged TERT. N-terminal tagging of TERT is often used as a modification to mark overexpressed TERT. Therefore, we wanted to determine whether the effects that we detected for the N-terminal tagging of TERT at its endogenous locus in hESCs are specific to the stem cell system compared to the field standard transgene-mediated TERT overexpression in cancer cell lines. To this end, we knocked out TERT (TERT Ϫ/Ϫ ) in HCT116 cells (36) , a colon carcinoma cell line, using the same strategy as previously described in hESCs (18) . In these TERT Ϫ/Ϫ cells, telomeres shorten progressively, and cells eventually die due to critically short telomeres (36) . If TERT is ectopically expressed in these cells, viability and telomere maintenance are restored and telomeres elongate. We used this assay to measure the ability of variously tagged forms of TERT to elongate telomeres. We overexpressed either the wild type or 3ϫFlag-GS-TERT (see Table 1 for AAVS1 transgene tag sequence) driven by a CAGGS promoter from the AAVS1 locus (Fig. 5A) . After insertion of these TERT overexpression constructs into the AAVS1 locus of TERT Ϫ/Ϫ cells, the telomere length gradually recovered in TERT and 3ϫFlag-GS-TERT cells. Yet 3ϫFlag-GS-TERT-overexpressing cells showed telomere elongation rates that were lower than those seen with wild-type TERT overexpression, despite 3ϫFlag-GS-TERT cells having greater telomerase activity and protein expression levels ( Fig. 5B to D) . Next, we addressed the effects of TERT overexpression in hESCs that were Flag-TERT, YbbR-TERT, or wild type (TERT wt/Δ ) at the endogenous locus. In these cells, we overexpressed TERT, 3ϫFlag-TERT, TR, or GFP from the AAVS1 locus following integration of locus. An independent targeting experimental replicate performed for overexpression of wt and 3ϫFlag-GS-TERT gave the same levels of relative TRAP activity (data not shown) and telomere length differences (one replicate is shown at the left and the other replicate at the right). WT, the parental HCT116 cell line.
these by genome editing (Fig. 6A ). In agreement with our previous report (52), TERT overexpression was almost neutral in hESCs, resulting in only modest telomere elongation (Fig. 6B) . In contrast, TR overexpression led to dramatic telomere elongation in wild-type cells (Fig. 6B) . Similarly, in endogenous-locus Flag-TERT cells, overexpression of TERT or Flag-TERT from the AAVS1 locus was largely neutral while TR overexpression led to telomere elongation (Fig. 6B ). However, a strikingly inverse outcome was observed in YbbR cells. In these cells, TERT or 3ϫFlag-TERT overexpression resulted in pronounced telomere elongation whereas telomere elongation due to TR overexpression was blunted (Fig. 6B) . These results highlight that N-terminal tagging of TERT can lead to distinct defects. In YbbR-TERT cells, TERT expression is limiting for telomerase levels. In contrast, TERT in Flag-TERT cells is not limiting and the reduced telomere elongation in these cells appears to result from a postassembly defect of telomerase RNP containing Flag-TERT. These data demonstrate that N-terminal modifications of TERT can impair telomerase function both in stem cells at a physiologically endogenous level of expression and also upon TERT overexpression in cancer cells. N-terminal tagging of TERT results in reduced telomerase repeat addition processivity. Previous studies showed that the TEN domain of TERT plays important roles for repeat addition processivity (RAP). We hypothesized that N-terminal tagging of TERT might disrupt RAP. To specifically test this hypothesis, we measured the processivity of endogenously tagged telomerase. We used an oligonucleotide-purification method (57) for the purification of human telomerase from genetically engineered hESCs. This purification enables enrichment of endogenous telomerase, independently of an epitope tag. Lysates from genetically engineered hESCs were incubated with the telomeric template affinity oligonucleotide beads for binding. Following serial washes, enriched telomerase was eluted from the beads using the displacement oligonucleotide, which cannot be extended by telomerase due to addition of 2=-3=-dideoxycytidine at the 3= end. Then, the eluted fraction was assayed for telomerase activity using a direct extension assay in the presence of excess telomeric-repeat primer, which allows assaying of RAP (Fig. 7A ). All N-terminally tagged telomerases tested showed reduced RAP compared to telomerase isolated from isogenic cells edited to express wild-type TERT (Fig. 7B) . This result was confirmed in several independent experiments (Fig. 7C) . These data suggest that shorter telomeres in the tagged cells could in part result from reduced RAP of N-terminally modified telomerases.
DISCUSSION
Key regulatory steps of telomerase involve its assembly, recruitment to, and activity at telomeres (reviewed in reference 20). Here, we report that N-terminal amino acid additions to TERT can impair telomerase function in multiple ways: TERT mRNA expression levels can be changed, and telomerase's overall activity, as well as its RAP, can be reduced (summarized in Table 2 ). We do not fully understand the molecular basis for all of these defects, and yet our findings allow us to draw the key conclusion that N-terminal fusions to TERT can adversely alter TERT expression and protein function, resulting in telomere maintenance at a reduced telomere length set point. These findings are important for future attempts to investigate steps of telomerase regulation and telomere length control at physiological telomerase expression levels.
On the basis of our experiments, we predict that the successful visualization of TERT in naturally telomerase-positive primary cells will be more challenging than has been previously demonstrated for HeLa and HEK293 cells (58, 59) . At least in HEK293 cells, TERT tagging resulted in an approximately 8-fold-higher total TERT mRNA expression level. This could suggest that the targeting strategy used can result in an epigenetic lesion aberrantly increasing TERT expression after editing. For both cell types (HeLa and HEK293 cells), only a subset of TERT gene loci has been modified such that the tagged TERT is expressed in the presence of wild-type protein (58, 59) . It is therefore possible that the residual wild-type TERT maintained telomeres in these cells, while the tagged TERT might have been predominantly TERT alone (free of hTR) or assembled into functionally compromised enzyme. It is important for future studies of active RNP localization to use an editing strategy that ensures that the visualized TERT protein is at an endogenous expression level and has endogenous TERT function in the absence of any wild-type TERT. Our findings suggest that pluripotent stem cells provide a sensitive system that can detect physiologically perturbed cellular regulation of telomere length maintenance. Due to this sensitivity, we expect that using the stem cell system will uncover novel nuances of telomerase regulation and telomere maintenance.
Our findings raise questions with regard to how to most usefully epitope tag TERT at its endogenous locus in future studies. From our comparison between HA-TERT and HA-GS10-TERT, we conclude that the addition of a flexible spacer can reduce the negative effects of TERT N-terminal tagging on telomere maintenance. However, cells edited to express the Flag-GS20-TERT allele showed a reduced telomere elongation rate compared to cells restored to the wild type, suggesting that the linker length impacts tagged TERT function. Our experiments identified Flag-GS10 and HA-GS10 as N-terminal TERT tagging modifications not deleterious for telomerase function. These tags will aid in the biochemical characterization of TERT in stem cells as well as in the 
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Direct extension assay Previous experiments established that the linker region between the TEN domain and the remainder of TERT is dispensable for catalytic activity of telomerase (60) . On that basis, we hypothesized that an insertion of Halo into this linker region could allow functional tagging of TERT. We tested this by inserting a Halo, YbbR, and Flag tag at a position between Y325 and A326 of TERT. Unfortunately, these experiments have so far been unsuccessful in generating a TERT with retained biological function (data not shown). Similarly, adding a GS10 linker between TERT and an N-terminal Halo tag (Halo-GS10 TERT hESCs) did not fully restore TERT function to the wild-type level (data not shown).
The defects in telomere elongation in Flag-TERT cells in comparison to wild-type TERT cells could be caused by recruitment defects of tagged telomerase, similarly to previously described TERT DAT mutants (47) (48) (49) (50) , in addition to the RAP impairment. Understanding the molecular basis for telomerase recruitment to and RAP at telomeres is highly relevant to telomere biology, as a subset of disease-associated mutations in TERT are specifically defective in RAP or impair recruitment (61) (62) (63) . Currently, studies of these TERT mutants are limited by the need for overexpression of TERT to characterize their biochemical defects. The assay used here to characterize the RAP defects associated with tagging the N terminus of TERT is highly sensitive and can relate changes in RAP to changes in telomere length. This approach provides a system to characterize the impact of RAP defects on telomere length in an endogenous telomerase subunit expression setting.
MATERIALS AND METHODS
hESC culture. Genome-editing experiments were performed in WIBR#3 hESCs (64) (NIH stem cell registry no. 0079). Cell culture was carried out as described previously (65) . hESC lines were maintained on a layer of inactivated mouse embryonic fibroblasts (MEFs) in hESC medium (Dulbecco's modified Gene editing in hESCs. All targeting experiments were performed as previously described (39, 41) . Cas9 and all sgRNAs were expressed using the pX330 plasmid (60) . Endogenously tagged TERT hESC lines were generated by two targeting steps, as reported previously by Chiba et al. (52) . Briefly, 1 ϫ 10 7 to 2 ϫ 10 7 hESCs were coelectroporated with 15 g of two pX330 plasmids targeting bp Ϫ1418 to Ϫ1399 (AACCGCCCCTTTGCCCTAG) and bp ϩ110 to ϩ129 (TACCGCGAGGTGCTGCCGC) from the transcriptional
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was used as the substrate of the direct extension assay. This 18-nt substrate was used as an end-labeled marker. A 12-nt (TTAGGG) 2 primer was used as the recovery control (RC) for ethanol precipitation. Telomerase activity represented in the region indicated by arrows was quantified, and the ratio of high RAP to low RAP is shown at the bottom of the gel. (C) Direct telomerase activity assay as described for panel A. Lysates of wt and tagged TERT hESCs from panel B were prepared independently followed by telomerase template oligonucleotide purification and a direct-extension assay to measure telomerase activity. To visualize the RAP defect, the graph to the right shows the signal intensity of the gel to the left for wild-type cells with the signal intensities for Flag-TERT cells superimposed. Numbers above each peak indicate Flag/wt signal ratios. (18) . Cells were transfected with plasmids expressing zinc finger nucleases (ZFNs) targeting exon 1 of TERT, along with a donor plasmid expressing a phosphoglycerate kinase (PGK) promoter-driven hygromycin resistance cassette. Transfection was performed using Lipofectamine 3000 (Lifetech) per the instructions of the manufacturer. Targeted cells were selected using 300 g/ml hygromycin (Thermo). TERT Ϫ/Ϫ clonal cells were selected and assayed for the complete loss of telomerase activity using TRAP (protocol below). AAVS1 targeting was performed as previously described (18) . Cells were transfected with a plasmid expressing ZFNs to target the AAVS1 locus, along with a donor plasmid containing TERT cDNA and a splice acceptor neomycin (NEO) resistance cassette. Targeted cells were selected using 250 g/ml G418 (Thermo).
Southern blotting and PCR genotyping. Southern blot analysis was performed as previously described (39, 65) using an external 3= probe for TERT (bp 6280 to 6846 downstream of the TERT first ATG), an external 5= probe (bp 5481 to 5006 upstream of the TERT first ATG), and an internal 5= probe (bp 1813 to 1206 upstream of the TERT first ATG). Primers used for PCR genotyping are located in an internal region of the donor plasmid due to inefficient PCR amplification of GC-rich sequences (forward [Fw], GGCCGATTCGACCTCTCT; reverse [Re], CTCCTTCAGGCAGGACACCT).
qRT-PCR. RNA was extracted with TRIzol (Lifetech) and treated with DNase I (NEB). RNA (600 ng) was transcribed to cDNA with iScript reverse transcriptase (Bio-Rad) and random or poly(A) priming. Quantitative RT-PCR (qRT-PCR) was performed with Kapa SYBR fast (Kapa Biosystems) in 384-well format with a total reaction volume of 10 l per well. A 2-l volume of cDNA from the iScript reaction mixture was used for the detection of TERT mRNA. For measuring the expression levels of all other genes, cDNA was diluted 1:10 and 2 l was used for qPCR. Expression levels of TERT, OCT4, and TR were normalized to expression of GAPDH (glyceraldehyde-3-phosphate dehydrogenase). Relative expression levels were calculated based on threshold cycle (Δ/ΔC T and/or ΔC T ) analysis. qRT-PCR primers used in this study were as follows: hTERT_qPCR_Fw (TGTCAAGGTGGATGTGACGG) and hTERT_qPCR_Rev (GAGGAGCTCTGCTCG ATGAC), hGAPDH1_qPCR_A (CAGTCTTCTGGGTGGCAGTGA) and hGAPDH1_qPCR_S (CGTGGAAGGACTCA TGACCA), OCT4_qPCR_A (CGTTGTGCATAGTCGCTGCT) and OCT4_qPCR_S (GCTCGAGAAGGATGTGGTCC), and TR_qPCR_Fw (CCCTAACTGAGAAGGGCGTA) and TR_qPCR_Rev (AGAATGAACGGTGGAAGGCG).
Detecting telomere length. To isolate genomic DNA, hESC lines were washed with phosphatebuffered saline (PBS), released from the feeder cell layer by treatment with 1 mg/ml collagenase type IV, and washed 3 times in wash media by gravitational sedimentation to minimize levels of contaminating MEF cells. Genomic DNA was then prepared as described previously (25) . While this method removes the vast majority of MEFs, the signal from mouse telomeres is disproportionate to that from human telomeres as mouse telomeres are longer. Mouse telomeres are not resolved under these assay conditions and run as a band at around 23 kb (indicated on the side of the radiograph) (66) . Because MEF telomeres are size resolved from human telomeres, they do not interfere with analysis of hESC telomere length. Genomic DNA was digested with MboI and AluI overnight at 37°C. The resulting DNA was normalized and run on 0.75% agarose (Seakem ME agarose; Lonza), dried under vacuum for 2 h at 50°C, denatured in 0.5 M NaOH-1.5 M NaCl for 30 min with shaking at 25°C, and neutralized with 1 M Tris (pH 6.0)-2.5 M NaCl with shaking at 25°C twice for 15 min each time. The gel was then prehybridized in Church's buffer (1% bovine serum albumin [BSA], 1 mM EDTA, 0.5 M NaP0 4 [pH 7.2], 7% SDS) for 1 h at 55°C before addition of a 32 P-end-labeled (T 2 AG 3 ) 3 telomeric probe. The gel was washed 3ϫ for 30 min each time in 4ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at 50°C and once for 30 min in 4ϫ SSC-0.1% SDS at 25°C before exposure on a phosphorimager screen was performed.
Immunoblotting. After being heated to 80°C for 5 min, protein samples were cooled to room temperature and resolved by SDS-PAGE. Protein was then transferred to a nitrocellulose membrane and subsequently incubated with mouse antitubulin (DM1A; Calbiochem) (1:500) and mouse anti-TERT (56, 57, 67)-4% nonfat milk (Carnation)-TBS buffer (150 mM NaCl, 50 mM Tris [pH 7.5]) overnight at 4°C. The membrane was washed in TBS and incubated with goat anti-mouse antibody-Alexa Fluor 680 (Life Technologies) (1:2,000)-4% nonfat milk-TBS for 1 h at room temperature. After extensive washing with TBS, the membrane was visualized on a Li-COR Odyssey imager (68) .
Assaying telomerase catalytic activity. The PCR-based telomeric repeat amplification protocol (TRAP) assay was performed as previously described using TS (AATCCGTCGAGCAGAGTT) and ACX (GCGCGGCTTACCCTTACCCTTACCCTAACC) for amplification of telomeric repeats and TSNT (AATCCGTC GAGCAGAGTTAAAAGGCCGAGAAGCGAT) and NT (ATCGCTTCTCGGCCTTTT) as an internal control. Cell extracts were generated by repeated freeze-thaw cycles in hypotonic lysis buffer (HLB) (20 mM HEPES, For enrichment of endogenous telomerase, lysates from hESCs were incubated with 10 l of streptavidin-agarose resin (Sigma-Aldrich) conjugated with 5= biotinylated telomeric template oligonucleotide (CTAGACCTGTCATCAGUUAGGGUUAG; the underlined nucleotides represent 2=-O-methyl RNA) (69) . The resin and lysate were incubated at room temperature for 2 h. The resin was washed three times with HLB supplemented with 150 mM NaCl-0.1% NP-40. Purified telomerase was eluted by the use of 10 l of the elution buffer (HLB supplemented with 150 mM NaCl, 0.1% NP-40, and a 30 M concentration of the displacement oligonucleotide [CTAACCCTAACTGATGACAGGTCTAG with a 2=,3=-dideoxyguanosine modification at the 3= terminus]) for 1 h at room temperature. The resin was removed using Empty Micro Spin columns (Harvard Apparatus). A primer extension assay using oligonucleotidepurified telomerase was performed in a 20-l reaction mixture containing 8 l of the eluate fraction, a 500 nM concentration of the telomeric primer [(T 2 AG 3 ) 3 ] in MTB buffer (50 mM Tris acetate, 3 mM MgCl 2 , 50 mM potassium acetate, 1 mM EGTA, 1 mM spermidine, 5 mM ␤-mercaptoethanol) with 250 M dTTP and dATP, 5 M dGTP, and 2 l of anti-[ 32 P]dGTP (Perkin-Elmer) (3,000 Ci/mmol, 10 mCi/ml). The reaction mixture was incubated at 30°C for 40 min, and then the reaction was stopped by adding 80 l of TES buffer (50 mM Tris [pH 7.5], 20 mM EDTA, 0.2% SDS). After phenol-chloroform extraction and ethanol precipitation, the extension products were resolved on a 10.5% polyacrylamide-7 M urea-0.6ϫ Trisborate-EDTA gel. As a recovery control, end-radiolabeled (T 2 AG 3 ) 2 primer was added before ethanol precipitation, and end-radiolabeled (T 2 AG 3 ) 3 primer was loaded as a size marker. Dried gels were visualized using a Typhoon phosphorimager.
